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Abstract —  This  work  describes  a  comparison  of  two  candidate 
materials  for  pulse  forming  line  fabrication  with  respect  to  bulk 
dielectric  breakdown,  frequency  response  of  relative  permittivity, 
and  dielectric  loss.  One  material  is  a  commercially  available 
microwave  substrate  material  that  can  be  procured  in  sheet  form 
without  a  high  voltage  specification,  while  the  other  is  a  newly 
developed  material  that  also  comes  in  sheet  form  that  can  also  be 
cast  between  the  electrodes. 

i.  Introduction 

The  Dielectric  Wall  Accelerator  described  elsewhere  [1]  is 
an  approach  that  permits  a  ten-fold  improvement  in  the 
performance  of  particle  accelerators.  These  systems  require 
insulating  materials  between  electrodes  in  configurations  that 
permit  the  greatest  possible  electric  field  gradients.  Here  we 
report  the  dielectric  loss  and  bulk  breakdown  strength  results 
of  a  comparison  of  two  candidate  materials  with  a  target 
relative  permittivity  (sr)  of  10. 


II.  Materials 

The  first  material  considered  in  this  study  is  a  commercially 
available  microwave  substrate  material  (referred  to  as 
“composite  1”).  This  material  is  only  available  in  sheet  form 
with  a  variety  of  thicknesses  and  sr  values. 

The  second  material,  referred  to  as  “composite  2,”  was 
formulated  from  a  mixture  of  nanoparticles  of  ferroelectric  in 
a  polymer  matrix.  The  concentration  of  the  mixture  was 
chosen  to  provide  the  same  sr  of  “composite  1.”  Composite 
2  is  available  in  the  same  sheet  dimensions  as  “composite  1” 
and  can  also  be  cast  between  the  electrodes  to  allow  the 
improved  voltage  performance  to  be  described  below. 

III.  Dielectric  Loss 

One  property  of  importance  in  our  application  is  dielectric 
loss.  Figure  1  shows  a  comparison  of  dielectric  loss  behavior 
as  a  function  of  frequency  as  measured  with  a  spectrum 
analyzer  for  the  two  materials  under  consideration. 


Loss  Factor  vs.  Frequency 


Fig.l.  Comparison  of  dielectric  loss  behavior  of  the  two  materials. 

The  composite  2  material  exhibits  a  6-fold  reduction  in 
dielectric  loss. 

IV.  Bulk  breakdown 

The  two  types  of  bulk  breakdown  measurements  carried  in 
this  study  are  illustrated  in  Fig.  2.  In  the  sheet/oil  version, 
sheets  of  material  are  mounted  between  the  ball  electrodes  that 
are  rotated  after  each  test.  Such  ball  rotation  reduces  the 
negative  influence  of  arc  pits  formed  after  each  breakdown 
event.  Such  pits  are  a  known  source  of  electric  field 
enhancement  that  can  lead  to  increased  scatter  in  the  data. 


A  B 


Fig  2.  A.)  “Sheet/oil”  and  B.)  “Buried  electrode”  configurations  of  the  bulk 
breakdown  test. 


1-4244-0019-8/06/S25.00  ©2006  IEEE 


291 


Report  Documentation  Page 

Form  Approved 

OMB  No.  0704-0188 

Public  reporting  burden  for  the  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information, 
including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington 

VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  a  penalty  for  failing  to  comply  with  a  collection  of  information  if  it 
does  not  display  a  currently  valid  OMB  control  number. 

1.  REPORT  DATE 

01  MAY  2006 

2.  REPORT  TYPE 

N/A 

3.  DATES  COVERED 

4.  TITLE  AND  SUBTITLE 

Development  of  a  Low  Loss,  High  Dielectric  Strength  Microwave 

Substrate 

5a.  CONTRACT  NUMBER 

5b.  GRANT  NUMBER 

5c.  PROGRAM  ELEMENT  NUMBER 

6.  AUTHOR(S) 

5d.  PROJECT  NUMBER 

5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Lawrence  Livermore  National  Laboratory,  Livermore,  CA  94551 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS (ES) 

10.  SPONSOR/MONITOR’S  ACRONYM(S) 

11.  SPONSOR/MONITOR’S  REPORT 
NUMBER(S) 

12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release,  distribution  unlimited 

13.  SUPPLEMENTARY  NOTES 

See  also  ADM001963.  IEEE  International  Power  Modulator  Symposium  (27th)  and  High-Voltage 

Workshop  Held  in  Washington,  DC  on  May  14-18,  2006,  The  original  document  contains  color  images. 

14.  ABSTRACT 

15.  SUBJECT  TERMS 

16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION  OF 
ABSTRACT 

uu 

18.  NUMBER 
OF  PAGES 

4 

19a.  NAME  OF 
RESPONSIBLE  PERSON 

a.  REPORT 

unclassified 

b.  ABSTRACT 

unclassified 

c.  THIS  PAGE 

unclassified 

Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std  Z39-18 


Inductor 


Fig.  3  shows  a  sample  of  the  composite  2  in  the  test  chamber 
in  the  sheet/oil  arrangement.  The  ball  electrodes  were 
energized  with  a  Marx  generator  (not  shown)  through  a  charge 
inductor  to  yield  a  pulse  with  a  50ns  width  FWHM,  as  seen  in 
Fig.  4. 


TABLE  I  -  Summary  of  bulk  breakdown  fields. 


Composite  1 

Composite  2 

Gap  (mm) 

Sheet/oil 

Sheet/oil 

Buried  Electrodes 

1.27 

669 

840 

1687 

3.17 

- 

518 

>=  1000* 

6.35 

273 

364 

>496* 

12.7 

210 

>257* 

- 

^Limited  by  voltage  capability  of  test  system. 


The  most  significant  improvement  occurred  in  the  case 
where  the  composite  2  material  was  used  to  bury  the 
electrodes,  thereby  shielding  those  electrodes  from  the  lower 
relative  permittivity  (sr  ~2.5)  oil. 

V.  Discussion 

We  believe  the  observed  breakdown  behavior  can  be 
attributed  to  three  sources  that  will  each  be  described.  These 
are: 

1 .  Geometric  field  enhancement, 

2.  Effect  of  different  sr  values  in  series, 

3.  The  volume  effect. 


Time  (ns) 

Fig.4.  Voltage  trace  recorded  from  the  resistive  monitor  pictured  in  Fig.  2 
calibrated  to  read  in  units  of  kV. 


An  equation  that  approximates  geometric  enhancement  f  is 
given  by  the  expression  [2] : 

f  =0.9(r+d/2)/r  (1) 


Using  either  configuration,  the  breakdown  test  consisted  of 
subjecting  the  insulator  to  ever-increasing  pulsed  voltages 
until  the  material  failed  or  the  voltage  capability  of  the 
measuring  system  was  exceeded  (~315kV).  An  oscilloscope 
trace  was  recorded  on  a  computer  after  each  voltage  pulse  to 
allow  for  subsequent  analysis. 

The  results  of  these  breakdown  tests  are  summarized  in  Fig. 
5  and  Table  I.  Here  the  breakdown  strength  in  all  cases 
decreased  with  increasing  distance  between  the  electrodes. 
The  composite  2  material  in  sheet  form  was  approximately 
30%  stronger  than  the  composite  1  material. 


where,  r  =  ball  radius  and  d  =  gap 
The  effective  field  experienced  by  the  dielectric  is: 

f  effective  =  (V/d)  *  f  (2) 

For  ball  sizes  used  in  this  study  and  gaps  less  than  2mm  this 
geometric  enhancement  can  be  ignored.  The  enhancement 
factor  is  only  1 .2  with  a  gap  of  5  mm,  for  instance. 

The  second,  larger  effect  comes  into  play  when  there  are 
two  materials  with  significantly  different  sr  values?  as  is  the 
case  with  the  sheet/oil  configuration.  To  illustrate  this  effect, 
consider  a  simple  geometry  of  parallel  plate  electrodes 
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separated  by  a  layer  of  solid  material  and  a  layer  of  liquid  as 
seen  in  Fig.  5. 


Solid  Dielectric 
Liquid  Dielectric  € , 


Figure  5:  Parallel  plates  separated  by  two  dielectric  layers. 

Electrically,  this  configuration  can  be  represented  by  two 
capacitors  in  series,  as  shown  in  Fig.  6. 


Ci=  s  iAV/di  and  C2=  8  2A2/d2 


Fig.  6  Capacitor  equivalent  for  parallel  plate  geometry 


The  voltage  V i  is  related  to  the  total  voltage  by: 


V  \  _  c, 
v  ~c1+c2 


(3), 


so  that  the  smaller  Ci  is  with  relation  to  C2,  the  less  voltage 
(Vi)  appears  across  C2. 

Since  the  capacitance  in  this  configuration  is  proportional  to 
er  (see  Fig.  6),  the  smaller  8i  is  with  respect  to  e2,  the  less 
voltage  appears  across  the  solid  dielectric  and  the  more 
voltage  appears  across  the  liquid,  resulting  in  a  concentration 
of  electric  field  in  the  liquid. 

In  the  two  sphere  sheet/oil  configurations,  the  same  principle 
holds.  If  the  sheet  has  a  much  higher  8r  than  the  liquid,  the 
electric  field  (E)  in  the  liquid  is  increased.  In  our  case,  where 
the  sheet  has  e2=10  or  higher,  and  the  fluid  is  transformer  oil 
with  Si  —2.5,  this  is  certainly  the  case.  The  peak  E  in  the  oil  is 
much  higher  than  in  the  slab.  When  the  peak  E  in  the  oil 
exceeds  its  breakdown  strength,  a  discharge  forms  in  the  liquid 
and  then  initiates  breakdown  in  solid  dielectric.  This 
breakdown  in  the  solid  dielectric  occurs  at  a  substantially 


lower  voltage  than  is  representative  of  the  intrinsic  breakdown 
strength  of  that  material. 

A  more  precise  FEA  calculation  is  shown  in  Fig.  7  that 
confirms  this  conclusion.  The  regions  of  highest  field  are  in 
the  oil  and  the  triple  point  where  the  electrode,  the  solid 
insulator  and  the  oil  meet.  As  long  as  this  triple  point  and 
disparity  in  er  exists,  the  system  will  break  down  at 
substantially  lower  values  than  the  intrinsic  material 
breakdown  strength. 

One  means  of  minimizing  the  effect  of  the  &Y  disparity  is  to 
embed  the  electrodes  into  the  high  er  solid  dielectric,  at  least 
as  far  as  the  region  of  high  field.  In  the  capacitor 
representation,  this  is  equivalent  to  making  Q  infinite  (no  oil 
layer)  so  all  the  voltage  (and  all  the  field  E)  appears  across  the 
solid  C2.  The  configuration  now  becomes  a  test  that  more 
accurately  represents  dielectric  strength  of  the  solid  material. 

The  final  effect  is  the  gap  dependent  reduction  in 
breakdown  field  gradient  in  the  case  of  the  buried  electrodes 
that  exceeds  what  can  be  attributed  to  the  aforementioned 
geometric  field  enhancement.  This  reduction  in  dielectric 
strength  with  insulator  volume  is  normally  observed  for  solid 
dielectrics  [3]. 
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Fig.  7.  FEA  plot  of  the  field  concentration  resulting  a  significant  difference  in 
Sr  between  solid  dielectric  and  oil. 


It  is  thought  to  be  the  consequence  of  increased  probability 
of  finding  a  material  defect  where  electrical  failure  can  be 
initiated.  We  intend  to  explore  this  effect  in  this  particular 
material  system  in  future  work. 

VI.  Conclusion 

We  have  compared  the  dielectric  behavior  of  two  materials 
for  high  voltage  insulators.  The  relative  permittivity  of  10  for 
the  two  materials  showed  a  similar  frequency  behavior.  The 
dielectric  loss,  however,  was  over  a  factor  of  6  times  lower  for 
the  composite  2. 
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Bulk  breakdown  measurements  were  made  under  pulsed 
conditions  with  ball  electrodes  in  sheet/oil  and  buried 
electrode  configurations,  as  pictured  in  Fig.  2.  The  composite 
2  exhibited  an  approximate  30%  improvement  over  the 
traditional  composite  1  in  the  sheet/oil  configuration  where 
these  materials  could  be  compared. 

A  further  >2X  improvement  was  seen  when  the  composite 
2  material  was  cast  around  the  electrodes,  effectively 
removing  negative  effect  of  the  lower  relative  permittivity 
liquid  in  electrical  series  with  the  higher  sr  solid. 
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